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Introduction
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• For the first time sensitive to triboson production at hadron 
colliders!

• First experimental evidences achieved already!
• Important test of the Electroweak sector.
• Potential for evidence of Quartic Gauge Coupling (QGC). 

• Not observed yet!
• Complementary to VBS analyses.

• Important to constrain these processes from data.
• Background to many direct new physics searches.
• Connected to Higgs through VH.

• Results used to search for new physics: 
• Parametrize result with Effective Field Theory (EFT)  

anomalous Quartic Gauge Coupling (aQGC) operators.
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5Intro: Why measuring tribosons
processes? Test EWK theory!

ATLAS Wγ (7TeV) PRD 
87, 112003 (2013)

• Trilinear and Quartic Gauge boson couplings (TGC, QGC) are precisely determined by 
the non-Abelian nature of the SU(2) x U(1) gauge symmetry group that governs the 
Electroweak theory.

• Neutral coupling forbidden.
• TGC: 

• VBF and VV production.
• QGC:

• VBS and VVV production.

• The following Lagrangian contains all the authorized QGC in the SM:

• A precise determination of the QGC in triboson final states allow to test the EW theory! 
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6Intro: What do we measure?

�
tot

=
N

data

�N
bkg

lumi⇥A⇥ C

�fid =
Ndata �Nbkg

lumi⇥ C

Where:
• C is the efficiency correction due to the reconstruction (Nreco/Nfid).
• A is signal acceptance in the fiducial volume (Nfid/NTot).

Tribosons: 
Some of the lowest cross-
sections we can measure (𝜎
fid~fb or less)!

CMS: arXiv:1704.00366 submitted to JHEP
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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W(àlν)ɣɣ
• First experimental evidence (>3.σ) for triboson production at hadron collider 

reported by ATLAS in 2015!
• Fiducial definition:

• Backgrounds:
• W+jets and Wɣ+jet (2D-template fit of isolation and Photon ID), ɣɣ+jet

estimated from data, Zɣ scaled in CR.

ATLAS: CMS:

ATLAS: Phys. Rev. Lett. 115, 031802 (2015)
CMS: arXiv:1704.00366 submitted to JHEP
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• ATLAS reported cross-section in both inclusive (≥0jets) 
and exclusive (=0jets) jets bins.
• ~2.σ discrepancy with NLO prediction in inclusive 

measurement (1.σ exclusive).

• CMS reported cross-section in inclusive jet bins and 
found good agreement with predictions.

W(àlν)ɣɣ ATLAS: Phys. Rev. Lett. 115, 031802 (2015)
CMS: arXiv:1704.00366 submitted to JHEP
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• First experimental observation (>5σ) for triboson production at hadron collider 
reported by ATLAS in 2016!

• Fiducial definition:

• Backgrounds:
• Z+jets and Zɣ+jet (2D fit of isolation and Photon ID), other bkg negligible.

Zà(ll) ɣɣ ATLAS: Phys. Rev. D 93, 112002 (2016)
CMS: arXiv:1704.00366 submitted to JHEP

ATLAS:

CMS:
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• ATLAS also reported a search for Z(àνν)ɣɣ production
with a sensitivity to the SM process of about 1σ.

• Backgrounds:
• Mismeasured jets in photons determined using ABCD 

method (ETMiss, Photon ID).
• eàɣ misID determined using fake rates from Zàee
• Wɣ scaled from data.
• ɣ+jets from MC (Sherpa, checked in CR)
• Other bkg determined from MC.

• Fiducial definition:

• Experimentally also add cut on:
Δɸ(pT

Miss,γγ)>5/6𝛑 to remove ɣ+jets

Z(àνν)ɣɣ ATLAS: Phys. Rev. D 93, 112002 (2016)
CMS: arXiv:1704.00366 submitted to JHEP
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• ATLAS reported cross-section in both 
inclusive (≥0jets) and exclusive (=0jets) jets 
bins.

• Results are in ~agreement with NLO 
prediction in leptonic channel (although 
slightly above for the inclusive case).

• In the neutrino channel an excess is 
observed but not really significant given 
the errors

• CMS reported cross-section in inclusive jet 
bins and found good agreement with 
predictions.

Zɣɣ results ATLAS: Phys. Rev. D 93, 112002 (2016)
CMS: arXiv:1704.00366 submitted to JHEP
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CMS W(àlν)V(àjj)ɣ
• First triboson analysis performed at the LHC.

• Selection:
• 1 lepton (e,μ) with pT

e>30 GeV or pT
μ>25 GeV.

• 1 γ with pT
ɣ >30 GeV.

• At least 2 jets pT>30 GeV, no btag, 70<mjj<100 GeV.
• ET

Miss>35 GeV.
• mT>30 GeV 
• Z veto in electron channel.

• Backgrounds: 
• Wγ+jets: sideband fit in mjj.
• Jetsàɣ extrapolated from data.
• Jetsàl fit To ET

Miss.
• Other bkg estimated for MC.

• Set 95% C.L. limits on cross section 𝜎=311 fb.
• Expected 𝜎= (92±22) fb.

Phys. Rev. D 90 (2014) 032008
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ATLAS performed this analysis: W(àlν)V(àjj)ɣ
Fiducial definition:

Backgrounds:
• W(àlν)V(àjj)ɣ : Wγ+jets, fake jàɣ, fake jàe, fake 

eàɣ from simultaneous fit, rest MC.

ATLAS W(àlν)V(àjj)ɣ arXiv:1707.05597 submitted to EPJC
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ATLAS also performed this analysis in the
W(àeν)W(àμν)ɣ channels.
Fiducial definition:

Backgrounds:
• W(àeν)W(àμν)ɣ: fake jàɣ, fake jàe,

fake eàɣ from data (mostly 2D sideband)
rest MC.

ATLAS W(àeν)W(àμν)ɣ
arXiv:1707.05597 submitted to EPJC
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• Fiducial cross section measured in fully leptonic channel 
(Expected significance 1.6𝜎 observed 1.4𝜎).
• Measurement:

• Set 95% C.L. limits on the production cross-section in both channels too. 

• Results are in agreement with SM expectations.

ATLAS WVγ results arXiv:1707.05597 submitted to EPJC
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ATLAS performed search of WWW(àlνlνlν) channel.
• Fiducial definition:

• Backgrounds (0-SFOS):
WZ (norm data), fakes (data), Charge flip (data), other MC.

Search for WWW(àlνlνlν)

SFOS=Same flavor opposite sign pairs

Eur. Phys. J. C 77 (2017) 141
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ATLAS performed search of WWW(àlνlνjj) channel.
• Fiducial definition:

• Backgrounds semi leptonic (μ±μ±):
WZ (check CR), fakes (data), Charge flip (data), other MC.

Search for WWW(àlνlνjj)
Eur. Phys. J. C 77 (2017) 141
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ATLAS WWW results

• Combination of 2 channels gives sensitivity of 1𝜎 (expected and observed).
• Good agreement with theory.

• Set 95% C.L. limits on the total production cross section (𝜎tot
obs<730 fb, 𝜎tot

exp~230 fb).

Eur. Phys. J. C 77 (2017) 141
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Overview of SM measurements

>5𝜎

~3𝜎

~1𝜎

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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àOnly 8 TeV results available so far. 
àMostly statistically dominated. Largest systematic in all cases is on fake bkg model. 
àWait for 13 TeV results to come !



• Introduction

• SM analysis

• aQGC search

• Conclusions

Outline

21



Louis Helary - CERN

22

Search for BSM physics

18 independent aQGC (dim 8) operators

• The SM is assumed to be a low effective theory of a more fundamental one at a 
scale beyond the current kinematic reach.

• Search for BSM physics using a model independent approach complementary to 
direct searches.

• New physics in EW sector modify the triple and quartic self-interactions.
• Dimension 8 operators only impact QGC with no effect on TGC.
• The effective field theory can be parametrized using an effective Lagrangian:
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• With aQGCs, the unitarity is violated even in the 
presence of a SM Higgs at some scale.

• Need to introduce a unitarization scheme.
• Introducing a unitarization scheme introduce 

model dependence!

• In the search for aQGC in triboson final states, 
use the form factor unitarization:

• Weakly motivated, but easy to implement.

Unitarization

23

Eur. Phys. J. C 77 (2017) 141
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aQGC search principle
• Start from SM measurement:

• Use SM signal+background model to 
describe some kinematic variable sensitive 
to new physics (ET

ɣ,pT
VV,mVV, mT

VV, ...) .

• Generate, simulate and plug new physics 
signal (usually use VBFNLO or Madgraph).

• Potentially re-optimize analysis cuts to 
increase discovery potential.

• Set 95% C.L. limits using profile likelihood 
ratio.

arXiv:1707.05597 submitted to EPJC
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-4 -2 0 2 4

log10 aQGC Limits @ 95% C.L. [TeV-4]
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Limits on dim4: α4, α5
dim 8: FS0, FS1

1− 0 1

4α  jj±W±W [-1.4e-001, 1.5e-001] K

 jj±W±W [-1.6e-002, 1.6e-002] ∞

±

W±W±W [-4.9e-001, 7.5e-001] ∞

Z jj±W [-4.3e-001, 4.9e-001] K

V jj±W [-2.4e-002, 3.0e-002] K

5α  jj±W±W [-2.2e-001, 2.2e-001] K

 jj±W±W [-2.7e-002, 2.8e-002] ∞

±
W±W±W [-4.8e-001, 6.2e-001] ∞

Z jj±W [-4.8e-001, 4.6e-001] K

V jj±W [-2.8e-002, 3.3e-002] K

Channel Limits  [TeV]FFΛ
CMS

ATLAS

aQGC Limits @95% C.L.

Arxiv: 1610.07572 Submitted to: Rev.Mod.Phys.

↵4/5  !
fS,0/1

⇤4

!WWWWvertex : ↵4 =

fS,0

⇤4
v4

8 ↵4 + 2↵5 =

fS,1

⇤4
v4

8

Conversion factor:

àWorse than VBS but nice cross check.
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Limits on dim 8: FT

]-4aQGC Limits @95% C.L. [TeV
100− 0 100 200 300

July 2017
4Λ /T,0f γγW [-3.4e+01, 3.4e+01] -119.4 fb 8 TeV

γγW [-1.6e+01, 1.6e+01] -120.3 fb 8 TeV
γγZ [-1.6e+01, 1.9e+01] -120.3 fb 8 TeV
γWV [-1.8e+01, 1.8e+01] -120.2 fb 8 TeV
γWV [-2.5e+01, 2.4e+01] -119.3 fb 8 TeV

γZ [-3.8e+00, 3.4e+00] -119.7 fb 8 TeV
γZ [-3.4e+00, 2.9e+00] -129.2 fb 8 TeV
γW [-5.4e+00, 5.6e+00] -119.7 fb 8 TeV

ss WW [-4.2e+00, 4.6e+00] -119.4 fb 8 TeV
ss WW [-6.2e-01, 6.5e-01] -135.9 fb 13 TeV
ZZ [-4.6e-01, 4.4e-01] -135.9 fb 13 TeV

4Λ /T,1f γWV [-3.6e+01, 3.6e+01] -120.2 fb 8 TeV
γZ [-4.4e+00, 4.4e+00] -119.7 fb 8 TeV
γW [-3.7e+00, 4.0e+00] -119.7 fb 8 TeV

ss WW [-2.1e+00, 2.4e+00] -119.4 fb 8 TeV
ss WW [-2.8e-01, 3.1e-01] -135.9 fb 13 TeV
ZZ [-6.1e-01, 6.1e-01] -135.9 fb 13 TeV

4Λ /T,2f γWV [-7.2e+01, 7.2e+01] -120.2 fb 8 TeV
γZ [-9.9e+00, 9.0e+00] -119.7 fb 8 TeV
γW [-1.1e+01, 1.2e+01] -119.7 fb 8 TeV

ss WW [-5.9e+00, 7.1e+00] -119.4 fb 8 TeV
ss WW [-8.9e-01, 1.0e+00] -135.9 fb 13 TeV
ZZ [-1.2e+00, 1.2e+00] -135.9 fb 13 TeV

4Λ /T,5f γγZ [-9.3e+00, 9.1e+00] -120.3 fb 8 TeV
γWV [-2.0e+01, 2.1e+01] -120.2 fb 8 TeV

γW [-3.8e+00, 3.8e+00] -119.7 fb 8 TeV
4Λ /T,6f γWV [-2.5e+01, 2.5e+01] -120.2 fb 8 TeV

γW [-2.8e+00, 3.0e+00] -119.7 fb 8 TeV
4Λ /T,7f γWV [-5.8e+01, 5.8e+01] -120.2 fb 8 TeV

γW [-7.3e+00, 7.7e+00] -119.7 fb 8 TeV
4Λ /T,8f γZ [-1.8e+00, 1.8e+00] -119.7 fb 8 TeV

γZ [-1.8e+00, 1.8e+00] -120.2 fb 8 TeV
ZZ [-8.4e-01, 8.4e-01] -135.9 fb 13 TeV

4Λ /T,9f γγZ [-7.4e+00, 7.4e+00] -120.3 fb 8 TeV
γZ [-4.0e+00, 4.0e+00] -119.7 fb 8 TeV
γZ [-3.9e+00, 3.9e+00] -120.2 fb 8 TeV

ZZ [-1.8e+00, 1.8e+00] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS
ATLAS

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

àWorse than VBS 
but nice cross check.
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Limits on dim 8: FM

]-4aQGC Limits @95% C.L. [TeV
2000− 0 2000 4000

July 2017
4Λ /M,0f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV

γWV [-7.7e+01, 8.1e+01] -119.3 fb 8 TeV
γZ [-7.1e+01, 7.5e+01] -119.7 fb 8 TeV
γZ [-7.6e+01, 6.9e+01] -120.2 fb 8 TeV
γW [-7.7e+01, 7.4e+01] -119.7 fb 8 TeV

ss WW [-3.3e+01, 3.2e+01] -119.4 fb 8 TeV
ss WW [-6.0e+00, 5.9e+00] -135.9 fb 13 TeV

WW→γγ [-2.8e+01, 2.8e+01] -120.2 fb 8 TeV
WW→γγ [-4.2e+00, 4.2e+00] -124.7 fb 7,8 TeV

4Λ /M,1f γWV [-2.1e+02, 2.1e+02] -120.2 fb 8 TeV
γWV [-1.3e+02, 1.2e+02] -119.3 fb 8 TeV

γZ [-1.9e+02, 1.8e+02] -119.7 fb 8 TeV
γZ [-1.5e+02, 1.5e+02] -120.2 fb 8 TeV
γW [-1.2e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-4.4e+01, 4.7e+01] -119.4 fb 8 TeV
ss WW [-8.7e+00, 9.1e+00] -135.9 fb 13 TeV

WW→γγ [-1.1e+02, 1.0e+02] -120.2 fb 8 TeV
WW→γγ [-1.6e+01, 1.6e+01] -124.7 fb 7,8 TeV

4Λ /M,2f γγZ [-5.1e+02, 5.1e+02] -120.3 fb 8 TeV
γγW [-7.0e+02, 6.8e+02] -119.4 fb 8 TeV
γγW [-2.5e+02, 2.5e+02] -120.3 fb 8 TeV
γWV [-5.7e+01, 5.7e+01] -120.2 fb 8 TeV

γZ [-3.2e+01, 3.1e+01] -119.7 fb 8 TeV
γZ [-2.7e+01, 2.7e+01] -120.2 fb 8 TeV
γW [-2.6e+01, 2.6e+01] -119.7 fb 8 TeV

4Λ /M,3f γγZ [-8.5e+02, 9.2e+02] -120.3 fb 8 TeV
γγW [-1.2e+03, 1.2e+03] -119.4 fb 8 TeV
γγW [-4.4e+02, 4.7e+02] -120.3 fb 8 TeV
γWV [-9.5e+01, 9.8e+01] -120.2 fb 8 TeV

γZ [-5.8e+01, 5.9e+01] -119.7 fb 8 TeV
γZ [-5.2e+01, 5.2e+01] -120.2 fb 8 TeV
γW [-4.3e+01, 4.4e+01] -119.7 fb 8 TeV

4Λ /M,4f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV
γW [-4.0e+01, 4.0e+01] -119.7 fb 8 TeV

4Λ /M,5f γWV [-2.0e+02, 2.0e+02] -120.2 fb 8 TeV
γW [-6.5e+01, 6.5e+01] -119.7 fb 8 TeV

4Λ /M,6f γWV [-2.5e+02, 2.5e+02] -120.2 fb 8 TeV
γW [-1.3e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-6.5e+01, 6.3e+01] -119.4 fb 8 TeV
ss WW [-1.2e+01, 1.2e+01] -135.9 fb 13 TeV

4Λ /M,7f γWV [-4.7e+02, 4.7e+02] -120.2 fb 8 TeV
γW [-1.6e+02, 1.6e+02] -119.7 fb 8 TeV

ss WW [-7.0e+01, 6.6e+01] -119.4 fb 8 TeV
ss WW [-1.3e+01, 1.3e+01] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS
ATLAS

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

àWorse than VBS 
but nice cross check.
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• First observation of triboson process at hadron collider was done during LHC 
run1 in the Zɣɣ final state!

• So far good agreement between measurements and SM predictions.

• Tribosons are sensitive to quartic gauge coupling, and all the analyses that 
have been done so far are used to set limits on new physics through aQGCs.

• By the end of run2 should have the first evidence for more massive triboson
final state (WWW, WWɣ, WZɣ). 

Conclusions
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W(àlν)γγ @ 8 TeV ATLAS
ATLAS: Phys. Rev. Lett. 115, 031802 (2015)



Louis Helary - CERN

32

W(àlν)γγ @ 8 TeV ATLAS
ATLAS: Phys. Rev. Lett. 115, 031802 (2015)

Signal: Sherpa 1.4.1 with CT10
Sherpa 1.4.1 with CT10: Zγ,Zγγ,WZ W(𝜏ν)γγ
MC@NLO 4.02 with Herwig 6.520 and Jimmy 4.30 +CT10: tt, single top, WW
Powheg+Pythia 8.163 with CT10: ZZ

W+jets and Wγ+jet (2D-template fit of isolation and Photon ID), γγ+jet estimated from 
data (ATLAS), Zγ scaled in CR.
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W/Zγγ @ 8 TeV CMS
CMS: arXiv:1704.00366 submitted to JHEP

W+jets and Wγ+jet (2D-template fit of isolation and Photon ID), γγ+jet estimated from 
data, Zγ scaled in CR.

Z+jets and Zγ+jet (2D-template fit of isolation and Photon ID), 
other backgrounds negligible.
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W/Zγγ @ 8 TeV CMS
CMS: arXiv:1704.00366 submitted to JHEP

Signal @NLO using Madgraph5_aMC@NLO (V5.2.2) with NNPDFNLO3.0, and 
pythia 8.1

Backgrounds with diboson and triboson from Madgraph5_aMC@NLO (V5.2.2) 
at LO with CTQ6L1 with Pythia 6.4.

Diboson norm to MCFM(6.6)@NLO and tribosonMadgraph5_aMC@NLO 
(V5.2.2). 
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Zγγ @ 8 TeV ATLAS
ATLAS: Phys. Rev. D 93, 112002 (2016)

Z+jets and Zγ+jet (2D-template fit of isolation and Photon ID), other  backgrounds 
negligible.
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Zγγ @ 8 TeV ATLAS
ATLAS: Phys. Rev. D 93, 112002 (2016)

Backgrounds:
Mismeasured jets determined using ABCD 
eàγ misID determined using fake rates from Zàee
Wγγ scaled from data.

Signal: Sherpa 1.4.1 with CT10
Sherpa 1.4.1 with CT10: Zγ,Wγγ
Madgraph_aMC@NLO 5.02 with Herwig 6.520 and Jimmy 4.30 +CT10: tt, ttγ
single top, WW
Powheg+Pythia 8.163 with CT10: ZZ,WZ
γ+jets: Sherpa 1.4, cross check with Pythia 8.10
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CMS W(àlν)V(àjj)γ
Phys. Rev. D 90 (2014) 032008

• Backgrounds: 
• Wγ+jets: sideband fit in mjj.
• Jetsàγ extrapolated from data.
• Jetsàl fit To ET

Miss.
• Other bkg estimated for MC.

Signal+bkg: 
Madgraph 5.1.3.22+CTEQ6L1

Single top: Powheg+CTEQ6M1

NLO/LO k-factor derived from 
Madgraph
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ATLAS WVγ arXiv:1707.05597 submitted to EPJC
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ATLAS WVγ arXiv:1707.05597 submitted to EPJC

Signal with Sherpa 2.1.1 and CT10NLO 
@LO
normalised to NLO with VBFNLO.
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ATLAS WWW 
Eur. Phys. J. C 77 (2017) 141

• Signal: MadGraph5_aMC@NLO 
(v5.2.2)+CT10NLO+Pythia 8.1.6 @NLO
• Also use VBFNLO at LO to generate 
events and cross check, and normalized 
to VBNFLO@NLO.
• Background: Dibosons: Sherpa (V1.4) 
or Powheg depending on the final 
states. tt+V, VVV: 
MadGraph5_aMC@NLO


